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Stem cell therapy: social recognition recovery in a 
FASD model 

T Shirasaka, E Hashimoto, W Ukai, T Yoshinaga, T Ishii, M Tateno and T Saito 

To better understand the cellular pathogenetic mechanisms of fetal alcohol spectrum disorder (FASD) and the therapeutic 
benefit of stem cell treatment, we exposed pregnant rats to ethanol followed by intravenous administration of neural stem cells 
(NSCs) complexed with atelocollagen to the new born rats and studied recovery of GABAergic interneuron numbers and synaptic 
protein density in the anterior cingulate cortex, hippocampus and amygdala. Prenatal ethanol exposure reduced both 
parvalbumin-positive phenotype of GABAergic interneurons and postsynaptic density protein 95 levels in these areas. 
Intravenous NSC treatment reversed these reductions. Furthermore, treatment with NSCs reversed impaired memory/cognitive 
function and social interaction behavior. These experiments underscore an important role for synaptic remodeling and 
GABAergic interneuron genesis in the pathophysiology and treatment of FASD and highlight the therapeutic potential for 
intravenous NSC administration in FASD utilizing atelocollagen. 
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Introduction 

Prenatal alcohol exposure is invariably detrimental to the 
developing central nervous system and can cause behavioral/ 
cognitive and mental/social problems, defined as fetal alcohol 
spectrum disorders (FASDs).^'^ Abnormalities in cortical and 
limbic system development have been linked to FASD, but the 
underlying cellular pathogenesis in the brain remains elusive. 
The cortex, hippocampus and amygdala, which are key 
structures in memory and emotional/social behaviors, ^"^ are 
brain regions that have been implicated in the pathophysiol- 
ogy of FASD, Dysfunction of appropriate GABAergic inhibition 
and the consequent imbalance between excitation and 
inhibition in the corticolimbic neural network underlies at least 
part of the pathophysiological process of several neuro- 
psychiatric disorders, including schizophrenia, autism and 
FASD.^"^ A number of studies have found alterations in 
several presynaptic and postsynaptic components of the 
GABAergic systems, especially in reduced levels of the 
rate-limiting synthetic enzyme glutamic-acid-decarboxylase 
67 (GAD67) as observed in human and animal samples of 
schizophrenia and FASD.^'^° In addition, in schizophrenia 
parvalbumin (PV)-positive interneurons, many of which dis- 
play a fast-spiking firing pattern, were severely disrupted.'''''''^ 
As the ability of PV-containing fast-spiking interneurons to 
drive synchronous oscillatory activity at gamma-frequency 
is being acknowledged as a cellular basis for cognitive 
and executive brain function, it follows that PV interneuron 
dysfunction could induce social/cognitive behavioral abnorm- 
alities.^^ What type of GABAergic cell development was 
specifically influenced by prenatal ethanol exposure is 
unknown; however, the behavioral abnormalities observed 
in children affected with FASD include cognitive, executive 



and social/emotional dysfunctions, which are indicative of 
disruption in corticolimbic (including PV-containing) 
interneurons. 

Stem cell-based regenerative therapy promises great 
benefits for patients with incurable brain diseases. Previous 
studies have shown that stem cell treatments improve 
behavioral deficits in animal models of neurological disorders 
such as Parkinson's, Huntington's and Alzheimer's diseases. 
Stem cell therapy involves two possible strategies: cell 
replacement and cell restoration. The administered stem cells 
substitute for the lost cells in a disease and/or provide a 
trophic effect, protect, rescue and minimize the deteriorating 
tissue affected in a disease. Although ethical and technical 
issues remain unresolved, stem cell therapy would proceed 
from neurological to psychiatric illness such as affective 
disorders and schizophrenia, after having tried all the 
available medications and electroconvulsive therapy. 

We studied the involvement of corticolimbic GABAergic 
interneuron disruption in cognitive and social impairment in 
FASD and the effect of stem cell treatment. We used an 
animal model of FASD created in fetal rats by the binge-like 
administration of ethanol during the peak of GABAergic cell 
generation of dams (El 1-E14).''° We show here that aspects 
of cognitive and social dysfunction are reversed by intrave- 
nous administration of fetal rat brain-derived neural stem cells 
(NSCs) with atelocollagen, used to reduce immune rejection 
and potentiate effective migration of administrated cells into 
brain, at 45 days, a time point when neural developments are 
already completed. We also show that alterations of PV- 
containing GABAergic interneurons and synaptic density 
protein levels are essential for the therapeutic efficacy of 
intravenous NSC treatment in this animal model. Our results 
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establish a new role for PV-containing GABAergic interneur- 
ons in the behavioral abnormalities of cognitive and social 
dysfunction associated with FASD and suggest new ther- 
apeutic mechanisms for stem cell treatment making use of the 
hydrogel scaffold, atelocollagen. 

Materials and methods 

Materials. The following materials were purchased: 
Hank's balanced salt solution, hneurobasal medium, B27 
and 5-(and-6)-carboxyfluorescein diacetate succinimidyl 
ester (CFSE) from Invitrogen (Carlsbad, CA, USA), recom- 
binant human fibroblast growth factor-2 from PeproTech 
(London, UK), cyclosporine from Novartis Pharma (Tokyo, 
Japan) and atelocollagen from Koken (Tokyo, Japan). 

Experimental design and prenatal ethanol treatment. 

Pregnant Wistar rats were purchased from Clea Japan 
(Sapporo, Japan). Rats were administered ethanol (3 g kg ~ \ 
estimated mean blood concentration: ISOmgdl""*) or an 
equivalent volume of physiological saline via an intragastric 
catheter every 12 h for 4 days on gestational days 10-13 as 
described previously.""^ Each rat was housed in an individual 
cage until delivery and was allowed to give birth. The pups 
were fed by their biological lactating mothers and weaned at 
30 days. Rats were housed at 22 °C on a 12:12-h light-dark 
cycle with free access to food and water. All experimental 



procedures were approved by the institutional animal care 
committee and conducted following the Sapporo Medical 
University Guidelines for the Care and Use of Laboratory 
Animals. The experimental design is shown in Figure la. To 
study the effect of NSC therapy on abnormal behavior 
dependent on memory and cognitive dysfunction, rats were 
subjected to ethanol treatment for 4 consecutive days at 
gestational days 10-13, followed by an intravenous admin- 
istration of fetal rat brain-derived NSCs at postnatal day (P) 
45. The administrated NSCs were pre-mixed with 0.2% 
atelocollagen to avoid immune rejection and to facilitate 
migration into the brain. At 90 days after the administration of 
NSCs, controls and alcohol exposed rats were tested for their 
memory, cognitive and social recognition behavior. The rats 
were divided into four groups: (1) controls: rats received 
saline on P45 with prenatal saline exposure. (2) FASD: rats 
were given saline on P45 with prenatal ethanol exposure. 
(3) FASD + NSC: rats received an NSC injection at P45 with 
prenatal ethanol exposure. (4) Control + NSC: rats were 
given NSC injection at P45 with prenatal saline exposure. 
Three month after administration of NSCs or saline, we 
tested behavioral memory and social recognition followed by 
pathological analysis of brain samples. 

NSC preparation and labeling. NSCs were obtained from 
13.5-day-old rat embryos and cultured in a monolayer as 
previously described. Briefly, telencephalic neuroepithelium 
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Figure 1 Experimental design and memory and recognition test, (a) Experimental schedule of neural stem cell (NSC) administration to fetal alcohol spectrum disorder 
(FASD) model rat. FASD model rat was obtained by oral treatment of ethanol (3 g kg " ^ x 2 per day) during embryonic day (E) 10-13 of the pregnancy. Carboxyfluorescein 
diacetate succinimidyl ester (CFSE) fluorescent-labeled NSC solution mixed with atelocollagen was injected intravenously into 45-day-old newborn rats of control or FASD 
groups. Control, control + NSC, FASD and FASD + NSC group were used in this study. Alterations of behavioral performance and brain neural circuit were evaluated 90 days 
after NSC treatment, (b) Changes of memory recognition function by prenatal ethanol exposure and NSC treatment in novel object recognition test. The investigation time to 
'known' object and 'new' one were measured for control, FASD model (FASD) and FASD with NSC treatment (FASD + NSC) rats. Control rats investigated novel objects for a 
longer time than known objects, whereas FASD rats investigate both objects for a similar time (*P<0.05, n = 7-9). In contrast, NSC treatment of FASD rats reversed this 
impairment, which showed a significantly longer time investigating novel objects (*P<0.05, n = 9). i.v., intravenous, p.o., oral administration. 
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was dissected and trimmed in ice-cold Hank's balanced salt 
solution. Cells were dissociated by mechanical trituration and 
collected by centrifugation (300 g for 5min at 4°C). The 
dissociated cells were plated in culture dishes coated with 
poly-L-ornithine/fibronectin in hneurobasal medium supple- 
mented with 2% B27, 0.5 mM L-glutamine and 20ngml~^ 
fibroblast growth factor-2 at a density of 5 x 1 0"^ cells cm 
After 7 days of cell expansion culture under 5% CO2 at 37 °C, 
cells were stained with fluorescein-based dye to trace their 
migration by incubating the cells in phosphate-buffered 
saline buffer containing 5|iM CFSE in constant agitation 
for 15min at 37 °C, before administration. 

NSC administration procedures. Although stem cell treat- 
ment has potential benefits for severe incurable neuropsy- 
chiatric disorders, there may be direct risks including 
tumor formation, immune rejection of administered stem 
cells, hemorrhage during neurosurgery and postoperative 
infection.''^ To minimize invasiveness and risk of tumor 
formation by the NSC treatment, we chose intravenous 
administration. The tumor risk outcome depends on the 
degree of histocompatibility of the cells and circumstances 
(cell number, injection site, disease model, and so on) and a 
very low risk of teratomas was reported in NSC treatment 
studies using intravenous administration.^^ 

At P60 after birth, a NSC suspension (2 x 10^) mixed with 
0.02% atelocollagen dissolved in saline in 0.5 ml total fluid 
volume was injected slowly into the rats tail vein over 1 min. 
We have established that <0.02% of atelocollagen does not 
influence any NSC functions, including proliferation, migra- 
tion, differentiation and survival (in submission). Although 
further investigation is needed to analyze the influence of 
intravenous injection of atelocollagen alone in vivo, we used 
saline as a vehicle for control. All rats received cyclosporine 
orally (0.2 mg ml ~ in their drinking water, corresponding to a 
blood concentration of 15mgkg~'' daily intraperitoneally).''^ 

IVIemory and social recognition testing. A novel object 
recognition test was performed according to a published 
method. In the habituation phase, rats were placed into an 
open-field apparatus consisting of a rectangular area 
(100 cm wide x 100 cm long x 60 cm high) made from acryl 
and allowed to adapt without objects for 15 min per day for 
2 days for each rat. Then, during the training phase, two 
identical objects were presented to each rat for 10 min. 
Twenty-four hours after the training phase, one of the old 
objects was replaced with a novel object and presented to 
each rat for 5 min. To control the odor cues, the open-field 
arena and the objects were thoroughly cleaned with water, 
dried and ventilated for a few minutes between rats. Object 
exploration time was recorded using a video-assisted 
tracking system (Muromachi Kikai, Chuo-Ku, Tokyo, Japan). 
Discrimination between two objects was calculated using an 
investigation time counted over a 5-min span.^^'^° 

Social recognition test was performed according to a 
recently published method^' with some modifications. In the 
habituation phase, rats were placed into an open-field 
apparatus the same as used in the novel recognition test, 
and allowed to adapt for 1 5 min per day for 7-1 0 days for each 
rat. Testing began when a stimulus female rat was introduced 



into the open-field of each male rat for a 1-min confrontation. 
At the end of the 1-min trial, we removed the stimulus animal 
and returned it to an individual holding cage. We repeated this 
sequence for four trials with 10-min inter-trial intervals and 
introduced each stimulus to the same male resident in all four 
trials unless otherwise indicated. In a fifth dishabituation trial, 
we introduced each stimulus rat to a different resident female 
rat. Behavior was recorded using a video-assisted tracking 
system (Muromachi Kikai), and scored by two trained raters. 

Immunoliistocliemistry and PV-positive cell counts. 

After completing behavioral testing, rats were deeply 
anesthetized with isoflurane and transcardially perfused with 
heparinized saline (0.5%) followed by 4% paraformaldehyde 
in phosphate buffer. The brains were then immersed in 4% 
paraformaldehyde, paraffin embedded and cut serially at the 
coronal plane into 20 ^im sections. A part of the intravenous 
administered NSCs that could migrate into brain were 
identified as GABAergic interneurons by double imaging 
of fluorescent CFSE dye labeling and immunostaining of 
GAD67 in the same visual field in the anterior cingulate 
cortex, hippocampus and amygdala. Briefly, sections were 
immunostained for GAD67 (rabbit anti-GAD67, 1:30; Santa 
Cruz, CA, USA) detected with Avidin and Biotinylated 
Complex (ABC) system (45 min, Vectastain ABC kit. Elite 
PK-6100, Vector Laboratories) and visualized with 3,3'- 
diaminobenzidine (SK-4100, Vector Laboratories, Burlin- 
game, CA, USA), followed by the detection of double-labeled 
cells with fluorescent dye and 3,3'-diaminobenzidine. 

To obtain accurate and statistically significant counts of 
PV-positive interneurons, we performed immunohistochem- 
istry using an antibody for PV (mouse anti-PV, 1 :2000; Sigma, 
St Louis, MO, USA) detected with ABC system visualized 
with 3,3'-diaminobenzidine. Three pairs of animals in control, 
prenatal ethanol and prenatal ethanol + NSC treatment 
groups were examined. PV-positive cells were counted within 
a standardized rectangular area of 0.574 mm^ in the anterior 
cingulate cortex and amygdala, and 3.533 mm^ in hippocam- 
pus. Counts were performed in at least six slices selected at 
the same level for each animal. Sections were mounted with 
fluorescent mounting solution (Dako, Glostrup, Denmark), 
covered with a cover slide and sealed. Digital images were 
obtained with a fluorescence or optical instrument, Olympus 
BX52TF microscope (Olympus,Tokyo, Japan). 

Western blot. After behavioral test, some of the animals 
from each group were deeply anesthetized with isoflurane 
and immediately thereafter, crude dissection of the brains 
was conducted and the anterior cingulated cortex, hippo- 
campus and amygdala tissues were punched out and 
cryopreserved in -80°C. Subsequently, tissue was thawed 
and total protein was produced using RlPA Lysis Buffer 
(Santa Cruz). Protein concentration was determined using a 
BCA kit (Themo Scientific, Rockford, IL, USA). Protein 
sample underwent western blot analysis as described 
previously.^^ Briefly, 20|ig aliquots were subjected to sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis on 10% 
polyacrylamide gels and transferred to polyvinylidene difluor- 
ide membranes. After blocking with 5% nonfat dry milk in 
Tris-buffered saline containing 0.05% Tween-20 overnight at 
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4 °C, blots were probed with anti-postsynaptic density protein 
9 5 (PSD-95) (rabbit, 1:1000; Cell Signaling Technology, 
Danvers, MA, USA) and glyceraldehyde 3-phosphate dehy- 
drogenase (rabbit, 1:200; Santa Cruz) for 1.5h at room 
temperature, then washed and incubated for 1 h with horse- 
radish peroxidase-conjugated anti-rabbit immunoglobulin G 
(1:2000; Dako Cytomation, Glostrup, Denmark) respectively. 
Immunoreactive bands were detected with an enhanced 
chemiluminescence system (ECL system; GE Healthcare, 
Waukesha, Wl, USA), and quantitatively analyzed by 
capturing images using a Sensobation Camera (UVP, 
Upland, CA, USA) in conjunction with the software. Vision 
WorksLS ver. 6.1.1 (UVP). 

Statistical analysis. One-way analysis of variance and 
Tukey's HSD post hoc comparison were used to determine 
statistical significance, which was set at Pfor all experimental 
observations. All values included in the figure legends 
represent mean ± s.e.m. Statistical analyses were performed 
using SPSS 1 1 .0 for Windows (SPSS Japan, Tokyo, Japan). 

Results 

l\/lemory and cognitive impairment induced by fetal 
alcohol exposure. Three months after the administration 
of NSCs, controls and alcohol exposed rats were tested for 
their memory and cognitive behavior by measuring their 
investigation time for known and novel objects in a novel 
object recognition task (Figure la). 

Control rats investigated novel objects for about twice as 
long as known objects, whereas FASD model rats investi- 
gated for almost the same amount of time the administration 
of NSCs reversed this memory and cognitive impairment, 
increasing the novel object investigating time, which was 
significantly longer than for known objects (Figure lb). 

Social recognition deficit induced by fetal alcohol 
exposure. In addition to a cognitive dysfunction, socio- 
emotional deficits are a prominent neurobehavioral abnorm- 
ality of FASD.^^'^^ To examine the effect of NSC treatment 



on socioemotional recognition decline, all male rats were 
tested for their social interaction behavior with a conspecific 
female. The social recognition by male rats manifests 
as a consistent decrease in olfactory investigation during 
repeated or prolonged encounters with a conspecific 
female. ^^'^^ Control male rats showed a decline in the 
investigating time for a female on subsequent presentations 
of the same female in trials 2-4, as compared with trial 1 
(Figure 2a). This decrease was not due to a general decline 
in olfactory investigation, because presentation of a novel 
female during trial 5 resulted in a similar amount of 
investigation as trial 1 with the original female. Although 
FASD males showed sustained high levels of investigation 
at each encounter with the same female (Figure 2a). The 
investigation times at 1-4 trials were almost equal at trial 5, in 
presenting with new females (Figure 2b). NSC treatment 
reversed this social recognition impairment, decreasing 
investigation time at trials 3 and 4 and increasing at trial 5 
so that it was close to that of control rats. The NSC 
administration in control rats did not significantly affect 
investigation time (Figure 2b). 

Detection of administered NSCs in the brain. Although 
we could not confirm complete absence of tumorigenic stem 
cells histochemically, intravenous administration of NSCs to 
FASD model rats as we performed did not produce any 
teratoma formation and growth throughout the experiments. 

Ease of treatment and clinical precedent^^'^^ render 
intravenous administration desirable but several studies have 
reported poor cell delivery to the brain because of the blood- 
brain barriers and suggested cell entrapment in peripheral 
organs. To reduce immune rejection and increase entry of 
administrated NSCs into brain, we pre-treated NSCs with 
atelocollagen a recently developed means of promoting gene 
delivery and achieved about a twofold higher migrating ratio of 
NSCs into brain in response to intravenous administration in 
FASD model rats (in submission). Prenatal ethanol exposure 
specifically reduces the density of the cortical GABAergic 
population in rodents.^^ Therefore, to achieve regeneration 
of GABAergic neuronal circuits, which are assumed to be 
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Figure 2 Neural stem cell (NSC) treatment reverses social recognition deficit in fetal alcohol spectrum disorder (FASD) model rats. Social recognition by male rats was 
measured as a difference in anogenital investigation. Data represent mean ± s.e.m. for the amount of time allocated to investigating the same female during each of four 1 -min 
trials. A fifth dishabituation trial represents the response of males to the presentation of a new female in a 1-min pairing 10 min after the fourth trial (n = 7-9). (a) Investigation 
time (% amount of each first trial) allocated to investigation of control (open circle), FASD (open triangle), FASD + NSC (black triangle) and control + NSC (black circle) male 
rats. FASD rats showed significant increase of investigation time in 2-4th trials compared with controls (*P<0.05). (b) Social recognition deficit and its correction by NSC 
treatment. Mean duration (% amount of each first trial) of investigation of male rats in the fifth trial was significantly longer than fourth trial in FASD + NSC rats as well as control 
and control + NSC rats (*P<0.05). 
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Figure 3 (a) Identification of migrated neural stem cells (NSCs) in the brain. Intravenously administered carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled 
NSCs detected in wide areas of the brain involving (A, B) anterior cingulate cortex, (C) hippocampus, (D) choroid plexus and (E, F) amygdala in fetal alcohol spectrum disorder 
(FASD) model rats by fluorescent images. (G) Coronal sections of anterior side (bregma A 1 .00 mm), and (H) posterior side (bregma P2.20). Scale bars: 1 00 |im in A, B, D, E; 
50 |im in C, F. (b) Identification of administered NSCs as GABAergic cell. (A) Fluorescent images show administered cells (CFSE in green) in anterior cingulate cortex, 
hippocampus and amygdala. (B) Same cells were immunostained with GABAergic neuron marker (glutamic-acid-decarboxylase 67 (GAD67) in brown) in light 
photomicroscopic images. 



impaired in FASD model rats, we prepared fetal rat 
telencephalon-derived NSCs for treatment by monolayer 
cultures, a method that generates GABAergic neurons 
efficiently.^^ To analyze the potential migration of NCSs into 
brain, we labeled NSCs with CFSE, a fluorescent staining dye 
that can label all NSCs regardless of their differentiation.^^ We 
could detect CFSE-positive cells in several areas of FASD rat 
brain at 3-4 month after treatment (Figure 3a), and these 
marked cells also distributed in control rat brain (data not 
shown). A high proportion of administered cells is expected to 
differentiate into GABAergic neuron phenotype because of 
the culture method in this study. Indeed, a part of administered 
cells were identified as GAD67 containing cell in anterior 
cingulated cortex, hippocampus and amygdala (Figure 3b), 
which is reported specifically reduced in cortical PV-inter- 
neuron axon terminals in schizophrenia.''^ We had previously 
demonstrated that intravenously administered [^^S]-methio- 
nine-labeled NSCs survived and distributed throughout brains 
in FASD at 4 month after treatment, and greater radioactivities 
were counted in cortex, hippocampus, striatum and sub- 
ventricular zone in FASD rat brains than those in controls.""^ 
A particularly interesting question about the distribution 
difference between control and FASD brain needs to be 
analyzed precisely by using techniques, such as flow 
cytometry. These results indicated that intravenously admi- 
nistered NSCs could migrate across blood-brain barrier and 
delivered to cortical and limbic areas in the brain and survive 
at least for 4 month. Molecular mechanisms of NSCs crossing 
the blood-brain barrier is uncertain, but some hypothesizes 
exist including implications of direct effect of NSCs on blood- 
brain barrier properties,^^ and microchimerism of fetal brain- 
derived NSCs.^^ 



Alterations of PV-positive interneuron densities. Next, 
we examined whether GABAergic interneuron, especially 
PV-positive cells known to correlate with cognition and 
executive dysfunctions in schizophrenia and autism^'^ are 
altered in FASD model and NSC treatment. We discovered 
that, in FASD model rats, the number of PV-positive 
interneuron was decreased in anterior cingulated cortex, 
hippocampus and amygdala (Figures 4a and b). In contrast, 
treatment of NSCs significantly reversed these reductions in 
anterior cingulate cortex and amygdala but not in hippocam- 
pus (Figures 4a and b). These results implicate the 
upregulation of PV-positive interneurons in anterior cingulate 
cortex and amygdala in the memory/social recognition 
recovery effect of NSC treatment. The data that PV-positive 
cell density in hippocampus were not changed by NSC 
treatment may relate to the lack of robust effect of this 
treatment on behavioral recovery in novel object recognition 
test than that in social interaction test. 

Alterations of PSD-95 protein levels. To investigate the 
mechanisms underlying these lasting changes in GABAer- 
gic interneuron density, particularly PV-positive cell survi- 
val/generation, we hypothesized that synaptic remodeling 
may be associated with the pathophysiology of FASD 
and activity in NSC treatment. We measured protein 
expression levels of PSD-95 in the anterior cingulate cortex, 
hippocampus and amygdala of control and fetal ethanol 
exposure rats with and without subsequent treatment 
with NSCs. We observed significant changes of expression 
in anterior cingulate cortex and amygdala. PSD-95 
protein levels were decreased in FASD rats, and reversed 
by NSC treatment (Figure 5). Although in hippocampus, the 
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Figure 4 Decreased number of parvalbumin (PV)-positive interneurons and their area-dependent reverses by neural stem cell (NSC) treatment, (a) PV-positive cells were 
counted in coronal sections from control, fetal alcohol spectrum disorder (FASD) and FASD + NSC rats (n = 3). (b) Immunohistochemistry with 3,3'-diaminobenzidine (DAB)- 
labeled anti-PV antibody indicated that the amount of PV-positive cells significantly decreased in anterior cingulate cortex, hippocampus and amygdala in FASD rats 
(*P<0.05). Although NSC treatment reversed these reductions in anterior cingulate cortex and amygdala (*P<0.05). In contrast, NSC treatment did not show any influence 
on PV-positive cell amount change in hippocampus. Scale bars: 100 |im. 
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Figure 5 Decreased synaptogenesis in fetal alcohol spectrum disorder (FASD) model and their reverse by neural stem cell (NSC) treatment, (a) Amount of synapses was 
represented by postsynaptic density protein 95 (PSD-95) protein levels in western blot analysis, (b) Values of PSD-95 protein levels normalized to glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) were calculated in lysates from control, FASD and FASD + NSC rats (n = 4-6). PSD-95 protein levels significantly decreased in anterior cingulate 
cortex and amygdala in FASD rats (*P<0.05). Although NSC treatment reversed these reductions in both areas (*P<0.05). In contrast, in hippocampus, PSD-95 protein 
levels did not change in FASD and FASD + NSC rats. 
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protein levels were unchanged in FASD and by NSC 
treatment (Figure 5). 

Discussion 

Intracerebral injection of NSCs is currently the most com- 
monly used method to examine restoration of functional 
circuits in laboratory models of neurodegenerative patholo- 
gies.^"^'^^ Although this method can produce direct recovery of 
damaged neural circuits, intraparenchymal injections into 
induced brain lesions is not an appropriate way to address 
diffuse or undefined cerebral pathologies in psychiatric illness, 
such as depression, schizophrenia and developmental 
disorders. The recent introduction of intravenous NSC 
administration overcomes this limitation in that cells can 
reach the cerebral parenchyma and induce recovery in 
models of multiple sclerosis, Huntington's disease^^ and 
stroke.^^ Another advantage is that they can reduce the risk of 
tumor formation, invasion and social debate about starting 
new trials of regenerative medicine in psychiatric disorders. 
Nevertheless, medical treatments using fetal brain-derived 
NSCs or embryonic stem cells raise ethical dilemmas. 
Further work is needed to examine efficiency when harvesting 
recent potential cell sources, such as mesenchymal stem 
cells and induced pluripotent stem cells. 

Using this method, we found several behavioral abnormal- 
ities were potentially reversible in FASD rats, which paralleled 
the neural circuit modifications in the anterior cingulate cortex, 
hippocampus and amygdala at the level of specific GABAer- 
gic interneuron density and changes in synaptogenesis. We 
discovered that recognition memory and social function, as 
assessed by novel object recognition and social interaction 
tests, are impaired in prenatally ethanol exposed rats, and that 
both of them is significantly attenuated by intravenous 
administration of NSCs at a time point when neural circuit 
development is already completed. In addition, NSC treat- 
ment restored the reduced number of PV-positive interneur- 
ons and protein levels of PSD-95 in anterior cingulate cortex 
and amygdala. These findings could have profound implica- 
tions for the treatment of FASD. Medications by antidepres- 
sants, mood stabilizers and antipsychotics are often used and 
are effective in ameliorating limited symptoms of FASD but not 
in curing the disorder. This underscores the importance of a 
better understanding of the pathological features in the brain 
of FASD victims and the need for better therapeutic methods 
to modify these processes. 

The embryonic GABAergic system is vulnerable to various 
agents,'*^ and prenatal ethanol exposure causes gross 
morphological changes in GABAergic cells during develop- 
ment. Here, we found that PV-positive interneurons are 
clearly reduced in the anterior cingulate cortex and amygdala 
of FASD rats. As PV-positive cortical interneurons seem to be 
especially vulnerable to this type of developmental stress, and 
associative disruption of these cells was reported in various 
mental disorders, such as schizophrenia and autism, these 
findings indicate that loss of cortical and limbic PV-positive 
interneurons might also have a pivotal role in the pathophy- 
siology of FASD. In addition, we observed that levels of PSD- 
95 were decreased in the anterior cingulate cortex and 
amygdala in FASD. Recent findings suggest a new role for 



PSD-95 in excitatory synapse development through a 
stabilizing effect by neuregulin 1 and its receptor ErbB4, 
which is specific to PV-positive GABAergic interneurons.^^ 
Therefore, our data showing PSD-95 level changes may be 
paralleled with the results of PV-positive cell reductions in 
these areas. Although the cellular and molecular mechanisms 
of prenatal ethanol exposure-induced reduction of PV-positive 
neurons are unclear, recent findings suggest that ethanol- 
induced GABAa activation depolarizes NSCs, which causes 
transient intracellular Ca^+ increases, and reduces the 
number of proliferative stem cells during both embryonic 
development and adult neurogenesis."*^ '*^ Another possibility 
involves impaired migration of interneurons,"*^ inhibition 
of neuronal differentiation*^ and maturation"*"* caused by 
changes of brain-derived neurotrophic factor, which is 
considered to regulate both PV and GAD67 mRNA expres- 
sion."*^ As the mechanisms underlying impaired recognition 
and memory, abnormal synchronized oscillatory activity of 
principal cortical neurons has been focused on schizophrenia. 
As the ability of cortical PV-positive fast-spiking interneurons 
to drive synchronous oscillatory activity at gamma-frequency 
is being acknowledged as a cellular basis for cognitive and 
executive brain function,"*^ it is plausible that a reduction of 
PV-positive interneurons in the anterior cingulate cortex in 
FASD rats could correlate with the impaired memory and 
recognition as assessed by the novel object recognition test. 
However, further research is needed to understand the 
mechanisms of cognitive dysfunction of FASD, especially 
the implications for other sub-populations of GABAergic inter- 
neurons including somatostatin- and neuropeptide Y-positive 
neurons. 

PV-positive interneuron reduction and PSD-95 decrease 
were most evident in the amygdala in the FASD model 
compared with controls. Although studies about GABAergic 
interneuron dysfunction in amygdala is incomplete, many 
researchers have suggested that disruption of the amygdala 
function results in disturbance of social interaction,"*^ "*^ In our 
behavioral experiment, FASD model rats showed strong 
abnormalities in social recognition tests, and similar social 
recognition deficit was reported in CD38 knockout autism 
model mice.^* Recently, chronic administration of phencycli- 
dine was shown to cause disturbed social behavior, which 
was alleviated by infusion of oxytocin into the amygdala."*^ PV- 
positive interneuron loss in lateral amygdala was suggested in 
maternal deprivation stress exposed rats."*^ As social/emo- 
tional problems are one of the major symptoms of FASD, the 
results of PV-positive interneuron loss in amygdala may 
represent an important neural circuit disruption related to 
pathophysiology of FASD. 

Notable findings of this study are that intravenous NSCs 
enveloped with atelocollagen could restore reductions in PV- 
positive interneurons in the anterior cingulated cortex and 
amygdala, and was associated with recovery of reduced PSD- 
95 levels in the FASD model. Furthermore, NSC treatment 
utilizing atelocollagen displayed potential therapeutic efficacy 
against memory and social recognition deficits demonstrated 
in this psychiatric model. Although the mechanism underlying 
these effects of NSC treatment cannot be easily explained, 
there may be several possibilities accounting for their 
beneficial actions. One is a neuroprotective effect exerted 
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by the administered NSCs. Recently reported is that admin- 
istration of olfactory ensheathing cells into the dorsal 
hemisected spinal cord results in improved functional out- 
come and elevation in the brain-derived neurotrophic factor 
levels."*^ Another possibility is upregulation of neurogenesis. 
New generation and migration from precursors in subven- 
tricular zone or NG2+ cells within the cortex might facilitate 
the trophic effect of administered NSCs.^°'^'' Another possible 
mechanism is that administered NSCs integrate into tissue 
and replace damaged cells. Our immunohistochemical data 
suggest that a proportion of intravenously administered 
CFSE-labeled NSCs were located in the anterior cingulate 
cortex, hippocampus and amygdala, including the area where 
PV-positive neuron reverse occurred by the treatment. Some 
of the CFSE-labeled NSCs showed GAD67 positivity, the 
protein known to be involved in the axon terminals of PV- 
interneurons.'''' In a previous study, we have investigated the 
peripherally injected cell migration and distribution in the brain 
by using double labeling with CFSE and [^^S]-methionine. By 
this method, we can surely perform quantitative analysis.""^ 
However, because of the strong aims to investigate neuro- 
histochemical and molecular level analysis, we chose the 
method for labeling the cells only with CFSE-dye in this study. 
Further investigation is needed to clearly characterize the full 
potential of administered NSC to differentiate into GABAergic 
interneurons, and their possible contribution to behavioral 
recoveries. Further investigation is needed to clearly char- 
acterize the full potential of administered NSC to differentiate 
into GABAergic interneurons, and their possible contribution 
to behavioral recoveries. 

In the hippocampus, prenatal ethanol exposure induced a 
PV-positive interneuron loss that was smaller than anterior 
cingulated cortex and amygdala, and NSC treatment did not 
affect this change. It is known that influence of prenatal 
ethanol exposure depends on the period of development. 
A recent report demonstrated that terminal deoxynucleotidyl 
transferase-mediated dUTP nick end labeling analysis of 
E11-E14 ethanol-treated embryos (similar to our protocol: 
E10-E13) at E14 showed a significant increase in apoptotic 
cells in the cortex, but not in the hippocampus, which suggests 
a region specific or a developmentally related cell death 
effect.^ The hippocampal PSD-95 protein level change was 
apparently different from those in other areas. PSD-95 was 
not changed by prenatal ethanol exposure or NSC treatment. 
It can be considered that PSD-95 is known as a synaptic 
protein contained in the glutamatergic neurons, therefore, the 
data may show the result of the predominant state of 
excitatory cells in hippocampus caused by ethanol 
treatment.^^ 

We view the PV-positive interneuron as a prototypical 
example of how prenatal ethanol exposure and NSC 
treatment produce neural circuit and behavioral changes. 
Although many questions remain about the mechanisms 
by which fetal alcohol exposure and NSC treatment 
cause changes in the GABAergic neuron system, the 
results of this study provide fundamentally new information 
concerning the detailed molecular/cellular mechanisms 
underlying deleterious effects of prenatal ethanol exposure 
on the brain and their potential reversal by intravenous 
treatment with NSCs. More generally, our results provide 



further support for the notion that intravenous treatment of 
NSCs complexed with atelocollagen is a potential therapeutic 
method, which should be tested in incurable treatment- 
resistant psychiatric disorders. 
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